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Lipid biology of the podocyte — new 
perspectives offer new opportunities 

A/ess/a Fornoni, Sandra Merscher and Jeffrey B. Kopp 

Abstract | In the past 15 years, major advances have been made in understanding the role of lipids in 
podocyte biology. First, susceptibility to focal segmental glomerulosclerosis (FSGS) and glomerular disease 
is associated with an APOL1 sequence variant, is expressed in podocytes and encodes apolipoprotein LI, 
an important component of HDL. Second, acid sphingomyelinase-like phosphodiesterase 3b encoded by 
SMPDL3b has a role in the conversion of sphingomyelin to ceramide and its levels are reduced in renal biopsy 
samples from patients with recurrent FSGS. Furthermore, decreased SMPDL3b expression is associated 
with increased susceptibility of podocytes to injury after exposure to sera from these patients. Third, in many 
individuals with membranous nephropathy, autoantibodies against the phospholipase A 2 (PLA 2 ) receptor, 
which is expressed in podocytes, have been identified. Whether these autoantibodies affect the activity 
of PLA 2 , which liberates arachidonic acid from glycerophospholipids and modulates podocyte function, is 
unknown. Fourth, clinical and experimental evidence support a role for ATP-binding cassette sub-family A 
member 1-dependent cholesterol efflux, free fatty acids and glycerophospolipids in the pathogenesis of 
diabetic kidney disease. An improved understanding of lipid biology in podocytes might provide insights 
to develop therapeutic targets for primary and secondary glomerulopathies. 

Fornoni, A. et al. Nat. Rev. Nephrol, advance online publication 27 May 2014; doi:10.1038/nrneph. 2014.87 



Introduction 

Clinical and experimental studies have provided insights 
into the roles of lipids and lipid- modulating proteins as 
key determinants of podocyte function in health and 
kidney disease. The podocyte slit diaphragm — which 
has a critical role in the formation and maintenance of 
the glomerular filtration barrier — is assembled in lipid 
rafts (Figure 1). These small (10-200 nm diameter) 
specialized plasma membrane domains are enriched 
with sphingolipids, cholesterol and protein complexes 
that have roles in signal transduction. Cholesterol is 
enriched 5-8-fold in lipid rafts compared with the rest 
of the plasma membrane and interacts with sphingolipids 
via its saturated hydrophobic side chains and different 
lipids have specific roles in maintaining cell structure and 
function (Table l). 1 

The first disease of glomerular lipid accumulation 
to be recognized was minimal change disease (also 
known as lipoid nephrosis). Foam cells are reportedly 
more common in focal segmental glomerulosclerosis 
(FSGS) than in minimal change disease; 2 however, the 
origin of foam cells in these diseases is unclear. Although 
foam cells are traditionally thought to be derived from 
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macrophages, studies of renal biopsy samples from 
patients with FSGS indicate that lipids can also be taken 
up by mesangial cells and podocytes or deposited in 
the mesangial matrix. 3 Further investigation is needed 
to define whether or not, and how, lipid accumulation 
within glomeruli differs among glomerular diseases in 
terms of particular lipids and specific glomerular and 
cellular compartments. 

Several advances have generated new interest in the 
lipid biology of the podocyte. The susceptibility of 
African Americans to podocytopathies such as FSGS 
enabled the identification of APOL1 sequence variants 
that are associated with this disease. 4,5 The APOL1 gene 
encodes alipoprotein LI, an integral component of HDL 
particles that might be involved in cholesterol efflux from 
the cell, oxidative stress, phospholipid transport and reg- 
ulation of intracellular processes, including autophagy 
and vesicle transport. 6 Another important finding is that 
cholesterol accumulates in the renal cortex in animal 
models of diabetic kidney disease (DKD). 7,8 Strategies 
that reduce this accumulation (such as treatment with 
liver X receptor [LXR] agonists, 9,10 farsenoid X recep- 
tor [FXR] agonists 7 or cyclodextrin 8 ) protect against 
kidney damage. A role for cholesterol in kidney disease is 
further supported by evidence that genes involved in the 
regulation of cholesterol homeostasis are differentially 
expressed in glomeruli isolated from patients with DKD 
and those from healthy living kidney donors. 8,11 

Complex lipids, including glycerophospholipids and 
glycolipids, can also negatively affect podocyte function. 
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Key points 

« Lipids and lipid-related enzymes might modulate podocyte function 

■ Lipid biology is important in understanding the pathogenesis of glomerular 
diseases of metabolic and nonmetabolic origin 

■ Plasma membrane and intracellular lipids can modulate podocyte function 
irrespective of circulating lipids 

■ Therapeutic strategies that target cellular lipids, such as cholesterol and 
sphingolipids, might be protective in kidney disease 




Figure 1 1 Lipids in the slit diaphragm. Slit-diaphragm 
proteins such as podocin contain prohibitin-domains that 
enable binding to cholesterol and the formation of 
multi protein complexes such as that between podocin and 
TrpC6. Lipid raft domains in podocytes contain cell-specific 
gangliosides such as GD3. Other slit-diaphragm proteins 
such as nephrin and CD2-associated protein are bound to 
caveolin-1, a protein specific to lipid rafts. Antibodies 
against GD3 can increase nephrin phosphorylation and its 
trafficking from the plasma membrane to the cytosol. 
Lipids are shown in different shades of orange. 
Abbreviations: GD3, disialosyllactosylceramide; TrpC6, 
short transient receptor potential cation channel 6. 



Glucosylceramide synthase inhibition in diabetic rats 
reduces glomerular glycerophospholipid accumulation 
and protects against kidney disease. 12 In patients with 
Fabry disease, podocyte- specific accumulation of globo- 
triaosylceramide (Gb3) is associated with proteinuria and 
effacement of foot processes (a manifestation of podocyte 
injury). 13 Phospholipase A 2 receptor (PLA 2 R), a trans- 
membrane glycoprotein that binds phospholipase A 2 
(PLA 2 ), is expressed in podocytes and functions as an 
autoantigen in individuals with primary membranous 
nephropathy. 14 Whether or not, and how, PLA,R auto- 
antibodies modulate the activity of PLA 2 in metabo- 
lizing glycerophospholipids into arachidonic acids is 
unknown. Additionally sphingolipids might affect podo- 
cyte function. For example, we have demonstrated that 
expression of the SMPDL3b gene, which encodes acid 
sphingomyelinase (ASM)-like phosphodiesterase 3b 
is inversely associated with podocyte susceptibility to 
injury in patients with FSGS and might have an impor- 
tant role in the conversion of sphingomyelin to cera- 
mide. 15 The number of SMPDL3b-positive podocytes in 
biopsy samples of postreperfusion transplanted kidneys 
from patients with FSGS might represent a histological 
predictor of posttransplant recurrence of proteinuria. 15 

In this Review, we describe lipids and lipid-related 
proteins that are relevant to human podocyte biology 



and to the pathogenesis of glomerular diseases, focus- 
ing on FSGS and DKD. We also discuss the potential for 
therapeutic targeting of lipids in proteinuric glomerular 
disorders, with a particular emphasis on those that have 
been shown to be clinically relevant. 

Podocyte cholesterol homeostasis 

The content and distribution of cholesterol inside cells 
is maintained via regulation of cholesterol synthesis and 
intracellular trafficking. Circulating LDLs are the main 
carriers of cholesterol available for receptor- dependent 
uptake into lysosomes. The proteins Niemann-Pick CI 
and Niemann-Pick C2 have major roles in cholesterol 
transport from lysosomes to the endoplasmic reticu- 
lum, 16,17 whereas ATP-binding cassette transporters (for 
example ATP-binding cassette sub-family A member 1 
[ABCA1] and ABC sub-family G member 1 [ABCG1]) 
have roles in cholesterol efflux to HDL acceptors. 18 
Each of these steps is connected by positive-feedback 
or negative-feedback loops that act on the enzymes 
involved in cholesterol synthesis, primarily HMG-CoA 
reductase and cholesterol acyl-transferase 1. The expres- 
sion of genes that encode these enzymes is regulated 
by members of the sterol-regulatory element binding 
protein (SREBP) family of transcription factors. 19,20 
This complex system enables homeostatic control of 
cellular cholesterol levels despite physiological fluc- 
tuations in cholesterol requirements and exogenous 
supply (Figure 2). 16 

Cellular cholesterol homeostasis is compromised in 
various diseases of genetic 21 and nongenetic origin such 
as Niemann Pick disease and atherosclerosis, and lead to 
lipid accumulation in target organs. 22,23 These findings 
provide a rationale for pharmacological intervention to 
modulate cellular cholesterol content. 24 Excessive intra- 
cellular cholesterol deposition can result from impaired 
cholesterol efflux due to downregulation of ABCA1 
expression. 25,26 Under normal physiological conditions, 
ABCA1 mediates the efflux of cholesterol and phos- 
pholipids via apolipoprotein A- 1 and apolipoprotein E, 
which then form nascent HDLs. 27 

The importance of lipid rafts in the spatial organiza- 
tion of glomerular slit-diaphragm proteins was recog- 
nized several years ago when nephrin and podocin were 
found to be enriched in these rafts. 28 The cholesterol 
component of lipid rafts is required for proper localiza- 
tion and function of slit-diaphragm proteins (Figure 1). 
Binding of podocin enables cholesterol to associate with 
short transient receptor potential cation channel 6, a step 
that is necessary for podocin-dependent activation of this 
protein. 29 Many other proteins are probably also able to 
bind cholesterol, regulate the formation and function of 
large protein-cholesterol supercomplexes at the plasma 
membrane, and thus regulate the function of the slit dia- 
phragm. However, excess accumulation of cellular chol- 
esterol might adversely affect podocyte function 8 as is 
the case in macrophages. 30 Too much cholesterol might 
negatively affect the binding of podocyte slit-diaphragm 
proteins to each other, or interfere with the ability of 
podocyte slit-diaphragm proteins to bind caveolin-1, 
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Table 1 1 Lipids that contribute to cell structure and function 


Class 


Primary location 


Function(s) 


Saturated fatty acids 


Palmitic acid (16:0)* 
Stearic acid (18:0)* 
Arachidic acid (20:0)* 


Component of complex lipids 
in plasma membrane or in 
lipid droplets when esterified 


Energy source: 
(5 oxidation in 
mitochondria 


Unsaturated fatty acids 


Oleic acid (18:1)* 
Arachidonic acid (20:4)* 
Eicosapentaenoic acid (20:5)* 


Component of complex lipids 
in plasma membrane 


Energy source: 
(5 oxidation in 
mitochondria 


Eicosanoids 


Prostaglandins 

Leukotrienes 

Thromboxanes 


Intracellular 


Signal transmission 


Glycerolipids 


Triglyceride* 


Lipid droplets 


Energy storage 


Phospholipids 


Phosphatidylcholine 
Phosphatidylserine 
Phosphatidylethanolamine 
Phosphatidylinositol 
Phosphatidic acid 


Lipid bilayers 


Structural 

Signal transmission 


Phosphosphingolipids 


Sphingomyelin 


Cell membranes 


Structural 

Signal transmission 


Glycosphingolipids 


Cerebroside 
Ganglioside 


Cell membranes 


Structural 

Signal transmission 


Sterol lipid s 


Cholesterol 


Cell membranes (enriched in 
lipid rafts and caveolae but also 
present among the hydrophobic 
tails of amphipathic lipids) 
Intracellular lipid droplets when 
esterified (containing 
cholesterol esters) 


Structural building 
block for other sterol 
lipids 


Free fatty acids are incorporated into complex lipids such as glycerolipids, phospholipids and sphingolipids. 
The plasma membrane and membranes of cellular organelles (including the nucleus, endoplasmic reticulum, 
lysosomes and mitochondria) are composed of a bilayer of amphipathic lipids (phospholipids, glycolipids and 
sterols) arranged with the hydrophobic tails facing into the membrane and the polar head groups facing the 
cytoplasm. *Number of carbon atoms:number of C=C double bonds; the presence of the latter indicates an 
unsaturated fatty acid. *An ester derived from glycerol and three fatty acids. § This list is selective and does 
not include steroids (which have a four-ring structure and include many hormones) and prenol lipids. 



a lipid raft-associated protein that binds nephrin and 
CD2- associated protein. 31 Pathological accumulation of 
cellular lipids occurs in in vitro models of podocyte injury 
(induced by exposure of podocytes to inflammatory 
cytokines 32 or puromycin 33 ) as well as in other experi- 
mental and clinical pathological conditions such as DKD 
and FSGS as discussed in more detail below. 

Insights from APOL1 mutations in FSGS 

Individuals of sub-Saharan African ethnicity have 
an increased risk of chronic glomerular diseases. 34 
Genetic analyses have shown that the locus associ- 
ated with an increased risk of developing FSGS, HIV- 
associated nephropathy (HIVAN) and nondiabetic 
kidney disease is localized on chromosome 22. 4,5 Two 
independent sequence variants in APOL1 are associ- 
ated with an increased risk of kidney disease. Individuals 



with mutations that encode either two amino acid sub- 
stitutions (Ser342Gly and Ile384Met) or a deletion 
(Asn388-Tyr389del) have no increased risk or a mini- 
mally increased risk of kidney disease. Individuals with 
two risk alleles have a substantially increased risk of FSGS, 
HIVAN, arterionephrosclerosis (hypertension-attributed 
kidney disease) and chronic kidney disease (CKD) with 
progression to end-stage renal disease (ESRD) of both 
nondiabetic 4,5 and diabetic origin. 35 

Several lines of evidence suggest that apolipoprotein LI 
and apolipoprotein A-l have distinct roles in lipoprotein 
biology that might affect glomerular function (Figure 2). 
APOL1 is one member of a six gene family clustered 
on chromosome 22. Of the encoded proteins, apolipo- 
protein LI is the only family member with a signal 
sequence for export from the cell. After export, apolipo- 
protein LI colocalizes with the abundant plasma protein 
apolipoprotein A-l in HDL particles. 36 Apolipoprotein A-l 
is involved in the formation of most cholesterol esters in 
plasma and promotes efflux of cholesterol from cells. The 
contribution of apolipoprotein LI to cholesterol efflux 
remains to be established. Like all other members of 
the apolipoprotein family, apolipoprotein LI has a BH3 
domain, 37 suggesting a potential role in apoptosis. As 
apolipoprotein LI also increases autophagy, 38 a pathway 
relevant to podocyte function and survival, 39 it would be 
interesting to determine whether or not APOL1 sequence 
variants are associated with alterations in this process. 

Apolipoprotein LI is present in HDL3 particles, which 
have antioxidative functions. Interestingly, the proteins 
that show the strongest correlations with the antioxi- 
dative functions of HDL3 include apolipoprotein LI, 
serum paraoxonase/arylesterase (PON) 1 and PON2. 40 
In support of these observations, fetal HDL, which 
does not have antioxidative functions, lacks apolipo- 
protein A-l, apolipoprotein LI and PON1. 41 Sequence 
variants of APOL1 and PON1 have been associated with 
an increased risk of CKD. 42,43 Levels of HDL-bound 
cholesterol are positively associated with estimated 
glomerular filtration rate (eGFR) in healthy individu- 
als of European and Asian ethnicity, but these levels are 
inversely correlated with eGFR (85-120 ml/min/ 1 .73 m 2 ) 
in healthy African Americans who carry two APOL1 risk 
alleles. 44 The importance of this finding and the potential 
mechanisms that could explain the discrepancy in eGFR 
is unclear. Furthermore, individuals with two APOL1 risk 
alleles have an increased risk of cardiovascular events. 45 
A plausible hypothesis is that APOL1 genetic variants 
might result in dysfunctional HDL with altered antioxi- 
dative properties and/or altered ability to promote chol- 
esterol efflux. Drugs that increase total levels of HDL do 
not result in cardiovascular protection, 46 suggesting that 
interventions that target cholesterol efflux rather than 
HDL per se need to be developed. 

How the function of apolipoproteins and other pro- 
teins involved in cholesterol efflux is altered in primary 
and secondary forms of FSGS is yet to be established. 
In support of a role for lipid metabolism in FSGS, the 
expression of SREBP-1 mRNA was increased in glomer- 
uli from patients with FSGS when compared to living 
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Figure 2 | Podocyte handling of cholesterol and free fatty acids. In podocytes, 
cholesterol uptake from circulating oxidized or unoxidized LDL occurs via the LDL- 
receptor or CXCL16. Cholesterol synthesis and metabolism is regulated by several 
nuclear receptors and transcription factors (LXR, FXR, SREBPs and PPARs). Neutral 
cholesterol accumulates in lipid droplets together with triglycerides that are 
derived from the uptake and metabolism of free fatty acids primarily via platelet 
glycoprotein 4 (also known as CD36). These free fatty acids can cause oxidative 
and endoplasmic reticulum stress based on the degree of saturation, which is 
regulated by SCD-1. Systemic or locally produced APOL1 might modulate oxidative 
stress and/or contribute to cholesterol efflux via ABCA1 and ABCG1 by serving as 
an HDL acceptor together with AP0L1 and APOE. Cholesterol is converted by 
SOAT1 into esterified cholesterol (red pentagons) inside lipid droplets and is then 
converted by NCEH into free cholesterol and reaches the plasma membrane where 
it can be sequestered by cyclodextrin. HIV proteins such as Nef and Vpr can 
modulate PPAR transcriptional activity and ABCAl-dependent cholesterol efflux. 
Abbreviations: ABCA1, ATP-binding cassette sub-family A member 1; ABCG1, ABC 
sub-family G member 1; AP0A1, apolipoprotein A-l; APOE, apolipoprotein E; AP0L1; 
alipoprotein LI; CXCL16, CXC motif chemokine 16; GD3, O-acetylated 
disialosyllactosylceramide; FXR, farnesoid X-activated receptor; LXR, liverX 
receptor; NCEH, neutral cholesterol ester hydrolase 1; Nef, nef protein; PPAR, 
peroxisome proliferator-activated receptor; SCD-1, stearoyl-CoA desaturase 1; 
SOAT1, sterol-O-acyltransferase 1; SREBR sterol-regulatory element binding 
protein; Vpr, viral protein R. 



donors. 8 Increased SREBP-1 levels in the presence of 
unchanged ABCA1 expression suggest that upregulation 
of lipid synthesis might occur in the glomeruli of patients 
with FSGS. 8 The results of these studies differ from 
those in experimental models of LDL-receptor defici- 
ency, in which increased SREBP-1 expression decreased 
ABCA1 promoter activity, ABCA1 expression and 
cholesterol efflux in macrophages. 47 Intriguingly, HIV 
and obesity, which affect lipid metabolism and fat dis- 
tribution, can cause histological lesions that resemble 
FSGS. 48,49 Rare genetic disorders associated with sys- 
temic lipid dysmetabolism also support an association 
between dysregulated lipid homeostasis and nephro- 
pathy. For example, renal histological lesions in familial 
hypercholesterolaemia resemble those in FSGS. 50 Patients 
with FSGS have a higher frequency of the APOE*e4 allele, 
which is associated with higher plasma cholesterol levels, 
than in healthy individuals (33.3% versus 10. 8%). 51 



HIVAN is of particular relevance to podocyte chol- 
esterol metabolism and APOL1. African Americans 
with one of the APOL1 risk alleles and untreated HIV 
infection have a 50% risk of developing HIVAN, sug- 
gesting that HIV infection might be a second hit in the 
induction of podocyte injury. 52 In transgenic mice, over- 
expression of the HIV- 1 accessory protein viral protein R 
(Vpr) in liver and adipose tissue dramatically decreased 
plasma triglyceride and cholesterol levels. 53 Vpr over- 
expression in adipocytes induced expression of peroxi- 
some proliferator-activated receptors (PPARs) (3, 6 and y, 
nuclear receptor proteins that function as transcription 
factors, and affected the net energy expenditure of the 
cell. 54 Another HIV-1 accessory protein, Nef, attenuated 
lipid efflux in macrophages by suppressing the activity 
of ABCA1. 55 Nef-mediated transfer of cholesterol to 
lipid rafts competed with ABCAl-dependent choles- 
terol efflux through a reduction in cell-surface available 
ABCA1 and induction of ABCA1 catabolism in the lyso- 
some. As patients with HIV often have atherosclerosis, 56 
the interplay between APOL1 risk alleles, HIV and the 
pathogenesis of atherosclerosis merits further study. Such 
investigations might indicate that atherosclerosis and 
glomerulosclerosis are mechanistically related. HIVAN 
might be an important disease in which to explore glo- 
merular lipid biology, from which findings could be 
extended to patients with FSGS. 

Sphingolipids and gangliosides 

Since the first description of glycosphingolipid accumu- 
lation in the renal parenchyma resulting in glomeru- 
lar hypertrophy in mice with streptozotocin-induced 
diabetes, 8 several studies have highlighted a role for 
sphingolipids and gangliosides in podocyte biology. In 
Fabry disease, reduced activity of the lysosomal enzyme 
a-galactosidase A leads to lysosomal accumulation of 
Gb3, resulting in characteristic inclusions called zebra 
bodies in various organs and cell types (Figure 3). 57 
Analysis of kidney biopsy samples from 14 patients 
(median age 12 years) with Fabry disease using unbiased 
quantitative stereology demonstrated age- dependent 
accumulation of Gb3 in podocytes. 13 Another sub- 
strate of a-galactosidase A, globotriaosylsphingosine 
(also known as lysoglobotriaosylceramide) is an active 
metabolite that acts as a profibrotic agent in cultured 
human podocytes. 58 Enzyme replacement therapy with 
recombinant a-galactosidase A in patients with Fabry 
disease successfully cleared glycolipid accumulation 
from the kidney and vasculature. 59 Interestingly, differ- 
ent kinds of substrate tend to accumulate in different 
cell types. In Gaucher disease, for example, proteinuria 
is associated with the accumulation of glucocerebro- 
side and the formation of Gaucher bodies in glo- 
merular mesangial and endothelial cells, as well as in 
interstitial cells, as a result of the absence of functional 
nonlysosomal glucosylceramidase. 60 

Glycosphingolipiduria occurs in the presence of 
proteinuria of various aetiologies 61 but whether it con- 
tributes to disease progression is yet to be established. 
Some glycosphingolipids act as regulators of outside-in 
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Figure 3 | Role of lipids other than cholesterol in podocytes. An important function of 
GM3 as a ligand for soluble Fltl in podocytes might enable interaction between 
soluble Fltl and the HDL receptor SCARB1. In Fabry disease, a-galactosidase A 
deficiency results in accumulation of Gb3 in zebra bodies. Circulating SIP can bind 
to various SIP receptors and modulate MAPK signalling and small GTPase activity. 
PLA 2 R binds PLA 2 and liberates arachidonic acid from glycerophospholipids. This 
receptor is expressed in podocytes and represents an autoantigen in many 
individuals with membranous nephropathy. ASM-like phosphodiesterase 3b might 
have a role in the pathogenesis of proteinuria in focal segmental glomerulosclerosis. 
This protein is stabilized by rituximab and modulates the activity of ASMase and 
regulates the generation of ceramide. Abbreviations: a-galA, a-galactosidase A; 
ASMase, acid sphingomyelinase; Gb3, globotriaosylceramide; GM3, ganglioside 
GM3; MAPK, mitogen-activated protein kinase; PLA 2 , phospholipase A2; PLA 2 R, PLA 2 
receptor; SIR sphingosine-l-phosphate; SCARB1, scavenger receptor class B 
member 1; sFltl, soluble Fltl. 



signalling. For example, ganglioside GM3 (GM3) 
located in lipid-raft domains in the slit diaphragm of 
podocytes is a receptor for soluble Fltl 62 (Figure 3). 
Binding of soluble Fltl to GM3 is essential for auto- 
crine preservation of the podocyte actin cytoskeleton 
and for prevention of proteinuria. 62 These findings have 
implications for pathogenesis as reduced glomerular 
expression of GM3 has been observed in experimental 
models of diabetes 63 and increased expression of GM3 
has been described in DKD. 64 Mice with mutations in 
UDP-GlcNAc-2-epimerase/ManAc kinase (an enzyme 
responsible for sialylation of GM3) manifest glomerular 
defects and proteinuria, supporting a role for GM3 in 
the maintenance of glomerular structure and function. 65 
Interestingly, soluble Fltl also binds to scavenger receptor 
class B member (SCARB) 1, a HDL receptor that localizes 
to lipid rafts. 62 Mutations in SCARB2, a member of the 
same gene family, are associated with structural damage 
to podocytes and with nephrotic syndrome, supporting 
the clinical relevance of these findings. 66 Other ganglio- 
sides are also associated with kidney damage, for example 
hexosaminidase deficiency results in Sandhoff disease, 
which is characterized by accumulation of the ganglio- 
side GM2 (GM2) in several organs, including the kidney, 
in which deposits occur in podocytes and tubular cells. 67 
A sialic-acid-containing lipid, O-acetylated disialosyl- 
lactosylceramide (GD3), was identified as a cell-type- 
specific ganglioside in rat podocytes. 68 Treatment of mice 
with an antibody against podocyte-specific O-acetylated 
GD3 caused nephrin phosphorylation and dislocation 
from the podocyte slit diaphragm 69 (Figure 1). Whether 
or not O-acetylated GD3 deficiency, as observed in the 



aminonucleoside puromycin model of experimental 
FSGS, 70 can cause podocyte injury and proteinuria per se 
is currently unknown. The discovery of gangliosides 
specific to podocytes is, however, important as it makes 
them an attractive cell surface molecule for targeted 
drug delivery. 

A role for sphingolipids as modulators of podocyte 
function in FSGS and other glomerular diseases is an 
emerging concept. Sphingosine 1 -phosphate receptors 
have, for example, gained much interest as potential 
therapeutic targets in DKD 71 and acute kidney injury, 
and have been reviewed elsewhere. 72 Patients with 
FSGS are at high risk of recurrence of proteinuria after 
kidney transplantation, and as mentioned, the number 
of SMPDL3b-positive podocytes is reduced in patients 
with recurrent proteinuria 15 (Figure 3). 15 Exposure to 
sera from patients with FSGS augments the response 
of podocytes with reduced SMPDL3b expression to 
outside-in signalling. 15 Treatment with rituximab, 
which stabilizes ASM-like phosphodiesterase 3b expres- 
sion and regulates the conversion of sphingomyelin to 
ceramide, reduced the incidence of posttransplant 
proteinuria in patients with FSGS 15 and in pigs with 
xenotransplant-related proteinuria. 73 

If and how plasma membrane lipids might affect 
the susceptibility of podocytes to circulating factors in 
FSGS is unknown. Among several potential circulat- 
ing factors, studies have shown that soluble urokinase 
receptor (suPAR) is elevated in two-thirds of patients 
with primary FSGS and that a high concentration of 
suPAR before transplantation underlies an increased 
risk of recurrence. 74 Circulating suPAR is associated 
with lipid-dependent activation of podocyte (33 integrin, 
a phenomenon that might lead to foot process efface- 
ment and urinary protein loss. 75 Sequestration of plasma 
membrane lipids with cyclodextrin abolished the suPAR- 
dependent activation of (33 integrin in podocytes in vitro. 
The identities of the lipids that regulate suPAR signal- 
ling in podocytes and the potential relationship between 
suPAR and ASM-like phosphodiesterase 3b have yet to 
be determined. 

Cholesterol transport deficiency 

The LCAT gene encodes phosphatidylcholine-sterol 
acyltransferase, which has an important role in reverse 
cholesterol transport — the process of moving excess chol- 
esterol from tissues to circulating HDL. 76 The enzyme 
is located on the surface of circulating HDL and LDL 
particles, where it transfers fatty acids (typically linoleic 
acid) to cholesterol, generating a hydrophobic choles- 
teryl ester that forms the core of a lipoprotein particle. In 
patients with phosphatidylcholine- sterol acyltransferase 
deficiency, HDL particles cannot mature and pre-p HDL 
particles accumulate and are cleared from the circula- 
tion via the kidney. 77 Complete phosphatidylcholine - 
sterol acyltransferase deficiency is a recessive disorder 
that leads to ESRD in the fourth or fifth decade with 
a typical triad of diffuse corneal opacities, target cell 
haemolytic anaemia and proteinuria with renal failure. 78 
The mechanism underlying disease pathogenesis is not 



NATURE REVIEWS ] NEPHROLOGY 



© 2014 Macmillan Publishers Limited. All rights reserved 



ADVANCE ONLINE PUBLICATION | 5 



REVIEWS 



well understood. However, the presence of foam cells 
in the mesangium and microvasculature of the kidney 
and characteristic vacuoles in the glomerular base- 
ment membrane suggest lipid toxicity. 79 Whether or not 
individuals with LCAT deficiency have an atherogenic 
lipoprotein phenotype remains unclear, as the number 
of affected individuals is low, the role of lifestyle factors 
in driving atherogenesis is difficult to adjust for, and 
imaging approaches vary between studies. 78 Potential 
therapeutic strategies for ICAT-related renal disease that 
are being explored include gene therapy and recombi- 
nant phosphatidylcholine-sterol acyltransferase enzyme 
replacement therapy. 79 

Phospholipase A 2 signalling 

Most individuals with membranous nephropathy have 
autoantibodies against PLA 2 R, which is expressed in 
podocytes. 14 Whether autoantibodies against PLA,R 
affect PLA,, which liberates arachidonic acid from 
glycerophospholipids and modulates podocyte function 
is unknown. Regulation of cell senescence by PLA,R 
through the p53 pathway has been suggested. 80 However, 
whether cellular injury is the result of antibody depo- 
sition on the podocyte cell membrane and subsequent 
complement activation, or altered PLA 2 R signalling is 
unclear. Calcium-dependent and calcium-independent 
activation of PLA 2 R modulates synaptic plasticity and 
the function of glutamate receptors in neurons, 81 prob- 
ably through the modulation of glycerophospholipids 
by PLA 2 . This observation combined with evidence that 
podocytes express functional glutamate receptors 82 may 
open new avenues of investigation into the biology of 
PLA 2 R and how autoantibodies against PLA 2 R might 
affect podocyte injury through lipid-dependent damage. 
A major obstacle to investigating the role of PLA 2 R 
autoantibodies in the pathogenesis of membranous 
nephropathy is the lack of PLA 2 R expression on podo- 
cytes in animal models. Translational studies are there- 
fore required, including use of humanized experimental 
models to identify potential PLA 2 R signalling pathways 
that are modulated by autoantibodies and might affect 
podocyte function. 

Cholesterol, free fatty acids and DKD 

DKD is the most common cause of ESRD in the USA. 83 
Podocyte injury is a feature of DKD in patients with 
type 1 or type 2 diabetes mellitus (T1DM or T2DM) 84-88 
and podocytopenia is an independent predictor of DKD 
progression. 84,85 However, the mechanisms underlying 
podocytopenia in DKD are not fully understood. Trials of 
multifactorial interventions, including glycaemic control, 
blood pressure control and lifestyle modifications have 
demonstrated that current treatments might slow but do 
not halt the progression of DKD 89,90 The identification of 
other determinants of disease progression might lead to 
novel drug targets. 

The interplay of intracellular lipid metabolism, chronic 
inflammation, insulin resistance and innate immunity 
might be important in the pathogenesis of macrovascular 
complications. 91,92 In diabetes, cholesterol accumulation 



in adipocytes and hepatocytes contributes to remodel- 
ling of the actin cytoskeleton, insulin resistance and 
cell death. 93,94 Clinical studies and experimental models 
of DKD show that renal accumulation of cholesterol 
correlates with the development of glomerulosclero- 
sis. 26 ' 95 ' 97 This finding is similar to that described in 
patients with atherosclerosis, in whom the capacity of 
cholesterol efflux in macrophages is inversely correlated 
with the frequency of carotid and coronary athero- 
sclerotic plaques. 22 The accumulation of cholesterol 
in peripheral tissues in experimental models of dia- 
betes, owing to diabetic complications, has also been 
described. 98 Intracellular accumulation of cholesterol is 
one of the major determinants of cellular insulin signal- 
ling, 99103 and multiple studies show that insulin resist- 
ance correlates with microalbuminuria in patients 
with T1DM 104,105 or T2DM, 106,107 their siblings 108,109 and 
nondiabetic individuals. 110 

In the nonobese diabetic mouse model of T1DM, 
ABCA1 expression is downregulated in the kidneys and 
circulating macrophages. 25 This observation is consist- 
ent with our findings in glomeruli from 70 patients with 
T2DM and early nephropathy 8 and in glomeruli from a 
separate cohort of 34 patients with T2DM. 11 In this last 
cohort the presence of lipid droplets in podocytes (visu- 
alized using electron microscopy) was reported. This 
increase was associated with downregulation of genes that 
encode proteins involved in cholesterol efflux (ABCA1, 
ABCG1 and APOE), upregulation of LDL receptors, 
impaired fatty-acid (3-oxidation and increased expres- 
sion of angiopoietin-related protein 4. 11 ABCA1 sequence 
variants are associated with an increased risk of coro- 
nary artery disease 111 and the ability of serum to induce 
ABCAl-mediated cholesterol efflux in macrophages is 
impaired in patients with T2DM and incipient or overt 
nephropathy. 112 However, the cause of decreased ABCA1 
expression in organs affected by diabetes, and whether 
cholesterol efflux and VEGF signalling are linked in 
podocytes (as has been described in endothelial cells 113 ) is 
unclear. Levels of tumour necrosis factor (TNF), circulat- 
ing soluble TNF receptor 1 and TNF receptor 2 are associ- 
ated with DKD progression in T1DM and T2DM. 114,115 
TNF and/or any of its soluble receptors might downregu- 
late ABCA1 mRNA expression in podocytes, similar to 
that which occurs in hepatocytes 116 and intestinal cells. 117 
TNF has also been shown to increase cholesterol uptake in 
macrophages, 118 and increased uptake and metabolism of 
lipoproteins has been described in glomerular epithelial 
cells from patients with T2DM. 119 Podocyte survival and 
the integrity of the actin cytoskeleton are impaired after 
CXC motif chemokine 16-dependent uptake of oxidized 
LDL 120,121 and further studies are needed to investigate 
cholesterol influx in podocytes in DKD. Another interest- 
ing observation is that lipid phosphatases, such as phos- 
phatidylinositol 3,4,5-trisphosphate 5-phosphatase 2, 
downregulate insulin signalling via interaction with CD2- 
associated protein with subsequent effects on Akt activity 
and cell survival. 122 

Other lipids might affect podocyte function in DKD. 
For example, saturated free fatty acids (FFAs) involved in 
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the pathogenesis of T2DM are thought to induce endo- 
plasmic reticulum stress and apoptosis of podocytes. 123,124 
Loss of podocytes is a hallmark of DKD and these cells 
are highly susceptible to damage from saturated but not 
monounsaturated FFAs. 124 Both endoplasmic reticulum 
stress and podocyte cell death could be ameliorated by 
inducing stearoyl-CoA desaturase 1, which converts 
saturated FFAs to monounsaturated FFAs and is upregu- 
lated in podocytes in biopsy samples from patients with 
DKD (Figure 2). 125 

Disturbed transport and oxidation of FFAs, paralleled 
by an impaired antioxidant response, damages podocyte 
structure and leads to glomerulopathy during the early 
stages of DKD. 126 Enhanced FFA uptake by podocytes 
is mediated by increased expression of the scavenger 
receptor platelet glycoprotein 4 (also known as CD36) 
and a decrease in fatty acid |3-oxidation leading to intra- 
cellular lipid accumulation. Accumulated FFAs are 
trapped in the mitochondrial matrix, leading to produc- 
tion of reactive oxygen species, lipid peroxidation and 
mitochondrial damage and dysfunction. 127 The associ- 
ation between renal accumulation of triglycerides and 
reduced expression of the ultrasensitive energy sensor 
AMPKccl 128 strongly suggests that energy- generating and 
energy-consuming pathways might link lipid accumu- 
lation to podocyte dysfunction in DKD and other dis- 
orders that result in CKD. Podocyte-specific expression 
of fatty-acid-binding proteins correlates with proteinuria 
in patients with obesity-related glomerulopathy and in 
diabetic (db/db) mice. 129 In mice fed a high-fat diet and 
in models of age-related kidney disease,increased renal 
expression of SREBP-1 has a critical role in renal lipid 
accumulation, and increases the activity of proinflam- 
matory cytokines. 118 Mice treated with an FXR- activating 
ligand show decreased triglyceride accumulation 
through modulation of fatty acid synthesis and oxida- 
tion, which is associated with decreased proteinuria and 
prevention of podocyte loss. 7 Intracellular lipid over- 
load is particularly severe in podocytes in patients with 
CKD, in whom binding and/or uptake of triglyceride- 
rich LDL by glomerular cells leads to increased endo- 
cytic accumulation of triglycerides that might have a role 
in lipotoxicity. 128,130 

Therapeutic implications 

A meta-analysis showed that treatment of patients with 
CKD using statins reduces albuminuria, with an effect 
size of -50%. 131 Whether statins also slow disease progres- 
sion is unknown 132,133 and other therapies are needed to 
lower cellular cholesterol levels in DKD. Pharmacological 
interventions that increase ABCA1 expression (such as 
LXR agonists) might be beneficial in DKD but their appli- 
cation is limited by a high incidence of adverse events 
such as confusion and palpitation 134 and their intrinsic 
lipogenic effects. 135 One potential alternative is to use 
drugs that sequester plasma-membrane cholesterol, such 
as cyclodextrins, 24,136 which reduce intracellular choles- 
terol and inflammation 137 and increase insulin sensitivity 
in adipocytes in vitro. m ' m Long-term studies of experi- 
mental treatment with hydroxy-propyl- (3 cyclodextrin 



(HPBCD) for compassionate use in Niemann-Pick 
disease are ongoing. 141 We reported a beneficial effect 
of HPBCD on DKD in the leptin- deficient BTBR ob/ob 
murine model of T2DM. 8 These preclinical studies might 
lead to the clinical use of HPBCD in DKD. However, the 
efficacy of HPBCD in other glomerular disorders remains 
to be established. 

Targeting triglycerides with fibrates partially pro- 
tects against microvascular complications in T2DM. 142 
In addition, selective agonists of bile acid receptors, 
such as FXR, are effective in preventing DKD in experi- 
mental models of T1DM with DKD. 26,143 The use of other 
bile-acid-receptor agonists such as G protein-coupled 
receptor (for example TGR5) agonists alone or in combi- 
nation with FXR agonists might represent a new strategy 
to treat DKD. 

Several inhibitors of the cholesteryl ester transfer 
protein effectively increase HDL cholesterol levels and 
have been developed for the treatment of dyslipidemia. 
However, many trials of these inhibitors have been dis- 
continued due to lack of efficacy or safety concerns. 46 
These issues highlight the importance of developing 
therapeutic strategies to target specific subclasses of HDL 
and/or other small molecules that might increase reverse 
cholesterol transport by reducing cholesterol seques- 
tered in target organs. Ongoing clinical trials of apolipo- 
protein A-I mimetic peptides for the treatment of Tangier 
disease (also known as familial a-lipoprotein deficiency), 
which is caused by mutations in ABCAi , 144 might prove 
that these therapies are efficacious in enhancing choles- 
terol efflux and thus enable broader clinical applications 
for apolipoprotein A-I-mimetic peptides. 

Conclusions 

Lipids and lipid-related enzymes have a major role in 
modulating podocyte function in glomerular disorders 
of diabetic and nondiabetic origin and individuals carry- 
ing sequence variants in genes important in lipid metabo- 
lism often present with kidney disease. Targeting lipid 
dysmetabolism might, therefore, be an important strat- 
egy to treat proteinuric kidney diseases. Identification of 
clinically relevant targets, such as ABCA1, intracellular 
cholesterol, LXR and FXR, have led to the development 
of new drugs that are being tested for their therapeutic 
efficacy in kidney disease. PLA 2 R and apolipoprotein LI 
are also potential therapeutic targets but further preclini- 
cal studies are required to elucidate the mechanisms by 
which autoantibodies against PLA 2 R and APOL1 genetic 
variants contribute to disease pathogenesis. 



Review criteria 

We searched PubMed without limits on year of publication, 
but with a focus on studies from the past 10 years. We 
included only English-language full text papers. The search 
terms used were "podocyte", "proteinuria", "nephrotic 
syndrome", "FSGS", "diabetic nephropathy", "ApoLl". 
Each of these terms was searched alone or in combination 
with "lipid", "cholesterol", "fatty acids", "sphingolipids", 
"ganglioside", and "lypotoxicity". 
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